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Summary
MCM2-7 proteins are replication factors required to
initiate DNA synthesis and are currently the best can-
didates for replicative helicases. We show that the
MCM2-7-related protein MCM8 is required to effi-
ciently replicate chromosomal DNA in Xenopus egg
extracts. MCM8 does not associate with the soluble
MCM2-7 complex and binds chromatin upon initiation
of DNA synthesis. MCM8 depletion does not affect
replication licensing or MCM3 loading but slows down
DNA synthesis and reduces chromatin recruitment of
RPA34 and DNA polymerase-. Recombinant MCM8
displays both DNA helicase and ATPase activities in
vitro. Reconstitution experiments show that ATP bind-
ing in MCM8 is required to rescue DNA synthesis in
MCM8-depleted extracts. MCM8 colocalizes with repli-
cation foci and RPA34 on chromatin. We suggest that
MCM8 functions in the elongation step of DNA repli-
cation as a helicase that facilitates the recruitment of
RPA34 and stimulates the processivity of DNA poly-
merases at replication foci.
Introduction
The duplication of the eukaryotic genome is achieved
through the assembly of efficient replication machiner-
ies. This process is initiated by the origin recognition
complex (ORC) binding to DNA replication origins. Pre-
replication (pre-RCs) and preinitiation (pre-ICs) com-
plexes are then formed, during a series of sequential
reactions leading to assembly of replication forks (Bell
and Dutta [2002] for review). Assembly of pre-RCs de-
pends upon the Cdc6 and Cdt1 proteins, resulting in
recruitment of MCM2-7 proteins at DNA replication ori-
gins (the licensing reaction). Geminin (McGarry and
Kirschner, 1998) blocks pre-RC formation by interfering
with the activity of Cdt1 (Tada et al., 2001; Wohlschlegel
et al., 2000). Three additional factors, the Cdc7 protein
kinase, Cut5, and the MCM10 proteins (this latter being
unrelated to the MCM2-7 protein family) are then re-
cruited (Mendez and Stillman [2003] for review). Forma-
tion of pre-ICs requires previous assembly of pre-RCs
and S-CDK activity and is catalyzed by the Cdc45 pro-
tein in combination with the GINS complex (Mendez*Correspondence: mechali@igh.cnrs.fr
2 These authors contributed equally to this work.and Stillman, 2003). This reaction is specifically inhib-
ited by the CDK inhibitor p21. Cdc45 allows assembly
of initiation complexes by recruitment of DNA polymer-
ases at replication origins (Mimura et al., 2000; Mimura
and Takisawa, 1998; Walter and Newport, 2000) .
Components of the replication fork include the tri-
meric, single-stranded DNA binding RPA complex and
the DNA helicase. The identity of the helicase remains
debated. Genetic and biochemical evidence supports
a role for the MCM2-7 protein family providing helicase
activity in unwinding DNA at replication origins during
initiation (Kearsey and Labib [1998], Labib and Diffley
[2001], and Tye [1999] for review). The MCM2-7 proteins
form a stable complex in vitro, although detectable heli-
case activity is only observed with the MCM4, 6, 7 sub-
complex (Ishimi, 1997). Current models suggest that
this subcomplex may represent the active helicase,
while the remaining subunits may have an essential role
in regulating the activity of the helicase (Davey et al.,
2003; Ishimi et al., 1998; Schwacha and Bell, 2001). The
functional association of MCM2-7 with chromatin is cell
cycle regulated. These proteins are synchronously re-
cruited to both early and late DNA replication origins
immediately after mitotic exit (Dimitrova et al., 1999)
and are removed from chromatin in S phase (Kearsey
and Labib [1998] for review).
A role for MCM2-7 has also been suggested during
the elongation step. In budding yeast, MCM4 appears
to move away from replication origins after initiation of
DNA synthesis (Aparicio et al., 1997; Tanaka et al.,
1997). Moreover, genetic data indicate that all MCM2-7
are required for replication throughout S phase (Labib
et al., 2000). However, a number of observations con-
trast with this conclusion. First, MCM2-7 bind preferen-
tially unreplicated DNA and are gradually displaced
from chromatin during replication fork movement (Ku-
bota et al., 1995; Labib et al., 1999; Madine et al.,
1995b; Todorov et al., 1995). Second, interactions be-
tween the replicative helicase and components of the
replication fork are predicted by experiments carried
out with the simian virus 40 eukaryotic in vitro system
for DNA replication (Dorneiter et al., 1992; Melendy and
Stillman, 1993; Waga and Stillman, 1994). However, no
physical interaction between MCM2-7 and components
of the DNA synthesis machinery has been observed,
such as interactions with the RPA complex and DNA
polymerases. Finally, MCM2-7 do not colocalize with
DNA replication foci (Coué et al., 1996; Dimitrova et al.,
1999; Krude et al., 1996; Madine et al., 1995b; Roma-
nowski et al., 1996). To explain this paradox, it was pro-
posed that the helicase activity of MCM2-7 proteins
may only be required at the initial step of DNA unwind-
ing and that another helicase may take over the role of
MCM2-7 during elongation (Ishimi, 1997). More re-
cently, a model has been proposed (Laskey and Mad-
ine, 2003) in which MCM2-7 proteins may act as rotary
pumps in unwinding (Schwacha and Bell, 2001) at a
fixed position, away from replication forks.
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316Figure 1. MCM8 Is an MCM2-7-Like Protein that Does Not Associate with MCM2-7 in Egg Cytosol
(A) Features of Xenopus MCM8 protein. Numbers indicate amino acids.
(B) Characterization of the MCM8 antibody. Autoradiography of in vitro [35S]-labeled proteins (lanes 1 and 2) obtained by coupled transcrip-
tion/translation of the MCM8 cDNA in the sense (lane 1) or antisense (lane 2) orientation. Translation products were also probed with the
MCM8 antibody by Western blot (lanes 3 and 4).
(C) Western blot of Xenopus egg extracts with preimmune (lane 1) or MCM8-specific serum (MCM8, lane 2), raised against recombinant
MCM8.
(D) MCM8 does not associate with MCM2-7 proteins in S phase egg extracts. Western blot of proteins immunoprecipitated with MCM3 and
revealed with an anti-MCM8 antibody (lane 1) or with an antibody raised against an epitope conserved in all MCM2-8 proteins (lane 2). IgGs
correspond to immunoglobulins.An additional member of the MCM2-7 family, HMCM8, t
chas been described in human cells (Gozuacik et al.,
2001). HMCM8 is stable throughout the cell cycle (Go- M
czuacik et al., 2003), binds to chromatin later than
HMCM3, and does not associate with HMCM2-7 pro- f
ateins in vitro. However, an independent study has re-
ported that a fraction of HMCM8 might associate with a
tMCM4, 6, 7 proteins in HeLa cells (Johnson et al.,
2003). These observations have suggested a role of b
TMCM8 in S phase, but its function remains unknown.
We have identified a Xenopus homolog of MCM8 and i
tcharacterized its function using in vitro cell-free ex-racts. We show that MCM8 binds chromatin after li-
ensing only when DNA synthesis is initiated. Unlike
CM2-7, MCM8 colocalizes with RPA34 and DNA repli-
ation foci on replicating chromatin. MCM8 is required
or efficient progression of replication forks, suggesting
role in DNA unwinding. Both ATPase and helicase
ctivities are associated with recombinant MCM8 in vi-
ro. Mutation in the ATP binding site of MCM8 abolishes
oth activities and cannot complement loss of MCM8.
hese results strongly suggest that MCM8 is a special-
zed MCM2-7-like protein not required for licensing but
hat specifically functions as a DNA helicase in vivo,
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317Figure 2. MCM8 Binds Chromatin at the On-
set of DNA Synthesis
(A) Dynamics of MCM8 chromatin binding
during S phase. Western blot of detergent-
resistant chromatin fractions (lanes 4–11)
obtained by incubation of sperm nuclei in
Xenopus S phase egg extracts and isolated
at the indicated times. A sample of egg cyto-
plasm (1 l, lane 1), demembranated sperm
nuclei (25,000; lane 2), or insoluble material
obtained by centrifugation of egg cytoplasm
(lane 3) were also included as controls.
(B) MCM8 binds to chromatin at the begin-
ning of DNA synthesis and a time when
MCM2 and Cdt1 are displaced. DNA synthe-
sis (bars) was measured at the indicated
times by incorporation of α-[32P] dCTP as
described in Experimental Procedures. West-
ern blot signals obtained with Cdt1, MCM2,
and MCM8 antibodies of (A) were quantified
and plotted as percent of chromatin bound
proteins compared to their maximal level ob-
tained during S phase. The quantification
graph obtained was superimposed with that
of DNA synthesis.
(C) MCM8 does not bind to chromatin in
membrane-depleted egg extracts. Sperm
chromatin was incubated in “high-speed”
extracts for 60 min, and chromatin was iso-
lated as described in Experimental Pro-
cedures in the presence of 0.1% NP-40. Cy-
tosolic (Cyto) and chromatin (Chr) fractions
were analyzed by Western blot with the indi-
cated antibodies.regulating progression of replication forks at replica-
tion factories.
Results
Identification of Xenopus MCM8, an MCM2-7-Like
Protein that Is Not Associated
with the Soluble MCM2-7 Complex
In a PCR-based approach aimed at identifying MCM2-
7-related genes (see Experimental Procedures), we
have isolated a cDNA that could potentially encode a
protein similar to MCM2-7 (average 23%). However, da-
tabase searching shows that the highest homology is
obtained with HMCM8 (74% identity), a member of the
MCM2-7 protein family recently identified in human
cells (Gozuacik et al., 2003). Xenopus MCM8 is highly
related to human MCM8 throughout the sequence ex-
cept for 60 amino-acids in the N terminus, which are
arginine- and especially glycine-rich in both proteins(Figure 1A). A similar glycine-rich region is present in
the N terminus of the Xenopus RPA34 protein.
The predicted MCM8 protein (92.48 kDa) shows sim-
ilar features to MCM2-7, including a Zn finger-like motif
and Walker A and B motifs implicated in the helicase
activity of MCM2-7 (Figure 1A). Interestingly, the Walker
A motif of Xenopus and mammalian MCM8 homologs
(Gozuacik et al., 2003; Johnson et al., 2003) is a canoni-
cal consensus sequence (GxxGxGKS/T), while the one
found in MCM2-7 proteins is a deviant consensus in
which the third conserved glycine is replaced by either
an alanine or a serine. This consensus sequence is also
observed in the unique MCM2-7-like protein of the
archaebacteria M. termoautotrophicum (Kearsey and
Labib, 1998). In this respect, MCM8 resembles a bona
fide helicase more than MCM2-7 proteins. Xenopus
MCM8 contains five potential phosphorylation sites for
cyclin-dependent kinases (CDKs, consensus S/T-P), al-
though none of them is a CDK1/cyclin B consensus
site. Three of these sites (two in the amino and one
Cell
318in the carboxy terminus) are conserved in the human c
lMCM8 protein.
bWe raised an antibody against the N-terminal part of
wMCM8, which is not conserved among MCM2-7 pro-
tteins (less than 9% identity), to avoid crossreactions
pwith members of the MCM2-7 protein family. The
sMCM8 antibody specifically recognized the MCM8 pro-
ltein translated in vitro (Figure 1B, lanes 1 and 3) and a
90 kDa polypeptide, often seen as a doublet, in Xeno-
Mpus egg extracts (Figure 1C, lane 2). The MCM8 anti-
abody did not recognize any proteins in MCM3 immuno-
Dprecipitates (Figure 1D, lane 1), which contain the
lwhole MCM2-7 protein complex (Figure 1D, lane 2, and
fMaiorano et al. [2000a]). We conclude that MCM8 does
Mnot form complexes with MCM2-7 proteins in egg cy-
ttosol.
w
bMCM8 Binds to Chromatin after Licensing,
pat the Time of Initiation of DNA Synthesis
mWe have first determined the timing of MCM8 chroma-
ftin binding using Xenopus egg extracts synchronized in
cS phase and reconstituted with demembranated sperm
nuclei (Blow and Laskey, 1986). Detergent-resistant
Mchromatin fractions were isolated and analyzed by
wWestern blot (Figure 2A). DNA synthesis was measured
pin parallel by incorporation of a radioactive DNA precur-
psor (Figure 2B, bars). MCM2 binds to sperm chromatin
1very early (within 5 min, lane 4), at the same time as the
uMCM2-7 loading factor Cdt1 but before initiation of
MDNA synthesis (Figure 2B). MCM8 binds to chromatin
smuch later than MCM2 (Figure 2A, compare lanes 4 and
a
7), similar to HMCM8 (Gozuacik et al., 2003). By that
e
time, the MCM2-7 loading factor Cdt1 began to be re-
t
moved. Interestingly, binding of MCM8 to chromatin
m
was first observed following accumulation of MCM2-7
M
proteins onto chromatin (the licensing reaction), after
f
binding of Cdc45, and at the onset of DNA synthesis
(Figure 2B). These results show that, unlike MCM2-7, t
MCM8 is not recruited to chromatin during formation of s
prereplication and preinitiation complexes (5–20 min in A
the experiment shown), suggesting that MCM8 may not d
be required for licensing. Maximal level of chromatin c
bound MCM8 (Figure 2A, lanes 8–11) were observed i
during processive DNA synthesis (Figure 2B, 60–120 (
min). The timing of MCM8 chromatin binding over- e
lapped with that of PCNA, a DNA polymerase-δ proces- b
sivity factor required during elongation of DNA synthe- S
sis (Waga and Stillman, 1994). Interestingly, while MCM2 3
was gradually removed from chromatin during ongoing t
DNA synthesis as expected (Figure 2A, lanes 8–11, and e
Figure 2B), MCM8 chromatin binding increased slightly D
and remained constant until completion of S phase, while l
PCNA dissociated. Quantification of the signals obtained (
by Western blot (Figure 2B) confirmed the correlation be- d
tween both Cdt1 and MCM2 displacement and MCM8 a
chromatin binding. We conclude that MCM8 binds to chro- a
matin around the time of initiation of DNA synthesis or just q
afterwards, suggesting a function during this step. m
To determine whether initiation of DNA synthesis is re- c
quired for the binding of MCM8 to chromatin, we have (
analyzed the association of MCM8 with chromatin formed n
in membrane-depleted egg extracts. These extracts are t
competent to form prereplication complexes (Coleman C
et al., 1996; Coué et al., 1996, 1998), but DNA synthesisannot initiate, as Cdc45 and DNA polymerases are not
oaded (Mimura and Takisawa, 1998). As expected, MCM3
ound to chromatin in these extracts (Figure 2C, lane 2)
hile MCM8 did not, although it was detected in the ex-
ract (lane 1). This result confirms that MCM8 is not a com-
onent of prereplication complexes and further demon-
trates that the binding of MCM8 to chromatin occurs after
oading of MCM2-7 proteins.
CM8 Chromatin Binding Depends upon MCM2-7
nd Is Sensitive to the S-CDK Inhibitor p21
etergent-extracted nuclei formed in egg extracts and iso-
ated during S phase were observed by indirect immuno-
luorescence following staining with both MCM3 and
CM8 antibodies (Figure 3A). Before initiation of DNA syn-
hesis (30 min), MCM8 was not detectable on chromatin,
hile MCM3 was bound. In S phase (60 min), MCM8 was
ound to chromatin and showed a fine punctuate staining
attern different from that of MCM3, which was more ho-
ogenous. In late S phase (90 min), MCM3 was released
rom chromatin while MCM8 remained bound (Figure 3A),
onfirming data shown in Figure 2.
When pre-RCs formation was inhibited by blocking
CM2-7 loading with geminin, neither MCM8 nor MCM3
ere chromatin bound (Figure 3A, Gem). However, in the
resence of the S-CDK inhibitor p21, which interferes with
re-ICs formation but not pre-RCs (Mimura and Takisawa,
998), MCM3 bound to chromatin, but MCM8 did not (Fig-
re 3B; p21I). Therefore, MCM8 loading requires both
CM2-7 and S-CDK activity. Consistent with this hypothe-
is, adding p21 after formation of pre-ICs, that is, after initi-
tion, did not block DNA synthesis as expected (Jackson
t al. [1995] and data not shown), and MCM8 was chroma-
in bound (Figure 3B, p21E). These results indicate that for-
ation of both pre-RCs and pre-ICs is required to load
CM8 onto chromatin and are consistent with MCM8
unctioning at the onset of S phase.
We further analyzed whether MCM8 binding to chroma-
in depends upon initiation or elongation steps of DNA
ynthesis using the DNA polymerases inhibitor aphidicolin.
ddition of aphidicolin before initiation of DNA synthesis
oes not interfere with formation of pre-ICs or initiation
omplexes. However, formation of the elongation complex
s blocked, causing a strong inhibition of DNA synthesis
less than 1%, data not shown). In these conditions, the
longation factor PCNA, which requires DNA synthesis to
ind (Michael et al., 2000; Mimura et al., 2000; Waga and
tillman, 1994), did not associate with chromatin (Figure
C, lanes 3 and 4). MCM8 is barely detectable on chroma-
in in the presence of aphidicolin, while MCM3 is bound as
xpected (Figure 3B, aphiI, and Figure 3C, lanes 3 and 4).
NA polymerase-α accumulates on chromatin (Figure 3C,
anes 3 and 4), very likely due to extensive DNA unwinding
Michael et al., 2000; Walter and Newport, 2000), which is
ependent upon the activity of MCM2-7 proteins (Pacek
nd Walter, 2004; Shechter et al., 2004). In contrast, when
phidicolin is added during elongation, DNA replication
uickly arrests (data not shown), but MCM8 remains chro-
atin bound (Figure 3B, aphiE, and Figure 3D, lane 2). Ac-
umulation of DNA polymerase-α is observed as expected
Figure 3D, lane 2), while MCM8 remains bound and does
ot accumulate (lane 2). This result indicates that, in con-
rast to MCM2-7 (see Figure 3B and Chong et al. [1995],
oué et al. [1996]), loading of MCM8 onto chromatin re-quires the elongation step of DNA synthesis.
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319Figure 3. Binding and Distribution of MCM8 on Chromatin during S Phase
(A and B) Punctuate distribution of MCM8 on chromatin. Detergent-extracted nuclei formed in egg extracts were isolated during early (30
min), mid (60 min), or late (90 min) S phase. Nuclei were stained with Hoechst to visualize DNA (blue), MCM8 (green), and MCM3 (red)
antibodies. Nuclei were also isolated after 60 min incubation in egg extracts treated with geminin (gem), p21, or aphidicolin (B). Aphidicolin
or p21 was added either before initiation of DNA synthesis (t = 0 min; I) or during elongation (t = 50 min; E).
(C and D) Binding of MCM8 to chromatin in the presence of aphidicolin. Western blot of chromatin fractions formed in the absence (control)
or presence (+ aphi) of aphidicolin (50 g/ml). Aphidicolin was added either at time zero (C, + aphiI) or after 50 min incubation (D, + aphiE) in
Xenopus egg extracts. Chromatin fractions were prepared after 60 or 120 min incubation (aphi at initiation) or 30 min after addition of
aphidicolin during elongation. Proteins were detected with the indicated antibodies.MCM8 Is Required for Processive DNA Synthesis
Xenopus extracts were immunodepleted of MCM8, and
DNA synthesis was compared to control extracts depleted
with nonspecific antibodies. Depletion of MCM8 (Figure
4A) removed neither ORC1 nor MCM2-7 proteins from ex-
tracts, confirming that MCM8 is not associated with these
proteins. However, chromosomal DNA replication was in-
hibited to around 40% of the control (Figure 4C). This de-
fect was recovered by addition of MCM8 purified from egg
cytoplasm (Figures 4B and 4C, +MCM8). We also con-firmed that nuclei formed normally in the absence of
MCM8 (Figure 4D, phase, and see Supplemental Figure S1
in the Supplemental Data available with this article online).
The phenotype of MCM8-depleted extracts is rather dif-
ferent from that observed by removal of a single MCM2-7
protein, which results in complete inhibition of DNA syn-
thesis (Hennessy et al., 1991; Kubota et al., 1997; Labib et
al., 2000; Liang et al., 1999; Madine et al., 1995a; Maiorano
et al., 1996, 2000a). Thus, removal of MCM2-7 proteins
with an MCM3 antibody (Figure 5A, diamonds) completely
Cell
320Figure 4. MCM8 Is Required for Efficient DNA Synthesis
(A) Depletion of MCM8 does not remove MCM2-7 proteins or ORC1. Western blot of S phase egg extracts depleted with either mock or
MCM8 antibodies. Depletion of MCM8 was 99%, as judged by scanning and quantification of the Western blot signals. MCM2-8 proteins
were revealed with an antibody raised against a motif conserved in this protein family (pep [Maiorano et al., 2000a]). Numbers on the right-
hand side of the panel indicate MCM2-8 proteins. Stars indicate the mobility of MCM8 polypeptides recognized by the anti-peptide antibody.
(B) Purification of MCM8 from Xenopus egg cytoplasm. Silver stain of the MCM8 protein immunopurified from egg extracts (lane 1). Western
blot of the purified MCM8 protein with the MCM8 antibody (lane 2).
(C) MCM8 is required for efficient DNA synthesis. Either mock-depleted or MCM8-depleted S phase egg extracts were incubated with sperm
chromatin (3 ng/l), and total DNA synthesis was measured as in Figure 2B after 150 min incubation. The amount of DNA synthesized in
MCM8-depleted extracts in three independent experiments (DepI–III) and that synthesized in MCM8-depleted extracts reconstituted with
Xenopus MCM8 protein (+ MCM8) are shown.
(D) MCM8 is not required for nuclear assembly. Nuclei formed in either mock-depleted or MCM8-depleted extracts were observed by phase
contrast (phase) or fluorescence microscopy (DNA). DNA was visualized by staining with Hoechst.abolished replication, as expected (Chong et al., 1995; Ku- o
mbota et al., 1995; Madine et al., 1995a; Maiorano et al.,
2000a). However, upon removal of MCM8 (Figure 5A, cir- e
wcles), DNA replication initiated at the same time as in
mock-depleted extracts (Figure 5A, squares), but the rate pf chromosomal DNA synthesis was slower. Even when
ore than 99% of the MCM8 protein was removed from
xtracts, we still observed a slow replication phenotype,
hich was efficiently rescued by recombinant MCM8 (Sup-
lemental Figure S2A and Figure 6E). Complementary DNA
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321synthesis on a single-stranded DNA was not affected by
removal of MCM8 (Figure 5B). On this substrate, DNA syn-
thesis is strictly dependent on DNA primase/polymer-
ase-α activity (Mechali and Harland, 1982), but replication
forks are not built and DNA unwinding is not required. In
contrast, other events occurring at the replication fork are
executed, including RNA priming by DNA primase/poly-
merase-α, DNA chain elongation, and nucleosome assem-
bly coupled to DNA synthesis (Almouzni and Mechali,
1988; Mechali and Harland, 1982). This result suggests that
MCM8 is not directly required for the enzymatic activity of
DNA polymerase-α.
To further investigate the phenotype of MCM8-depleted
extracts, DNA replication products were analyzed by alka-
line gel electrophoresis (Figure 5C). Replicating DNA is ex-
pected to migrate as a smear accumulating high molecular
weight DNA chains, while partially replicated or slowly rep-
licating DNA should give an extended smear correspond-
ing to accumulation of replication intermediates (nascent
DNA). Figures 5C and 5D show that DNA chains synthe-
sized in MCM8-depleted extracts are shorter than those
observed in control extracts (lanes 1–6). Replication inter-
mediates observed in MCM8-depleted egg extracts could
be reversed to high molecular weight DNA chains by addi-
tion of recombinant MCM8 (Supplemental Figure S2C),
demonstrating that the phenotype is specific to MCM8.
The size of DNA synthesized in MCM8-depleted extracts
was comparable to that obtained by slowing down replica-
tion forks with a low concentration of aphidicolin (lanes
7–9 and Figure 5E). The phenotype obtained by MCM8
depletion also differs from that obtained by blocking repli-
cation at initiation with geminin, in which no nascent DNA
is detected (Figure 5C, lanes 10–12), or by depletion of
MCM2-7 proteins (Françon et al., 2004).
Analysis of DNA synthesis in situ was addressed by in-
corporation of the nucleotide analog biotin-dUTP (Figure
5F). Nuclei assembled in mock-depleted extracts accumu-
lated a homogenous staining, whereas nuclei assembled
in MCM8-depleted extracts showed a punctuate pattern
of biotin incorporation (replication) reminiscent of that ob-
tained by slowing down DNA synthesis with aphidicolin
(Dimitrova and Gilbert, 2000). From these results altoge-
ther, we suggest that MCM8 is not required for initiation
but functions during processive DNA synthesis, regulating
the rate of replication fork movement.
MCM8 Displays DNA Helicase and DNA-Dependent
ATPase Activity In Vitro
MCM8 contains ATP binding and hydrolysis motifs hinting
to a function in unwinding as helicase, which would be
consistent with phenotypes observed in MCM8-depleted
extracts. Recombinant wild-type and a mutant in the ATP
binding site (Walker A motif) were made and purified from
insect cells (Figure 6A). Significant DNA helicase activity,
as determined by displacement of a 40 base-labeled oligo-
nucleotide annealed to single-stranded DNA, was de-
tected with recombinant MCM8 (Figure 6B, lanes 1 and
2). No such activity could be detected in the presence of
nonhydrolyzable ATP substrates (lanes 3 and 4), nor in the
absence of ATP (lane 5). Accordingly, we did not detect
any helicase activity with MCM8 mutated in the ATP bind-
ing site (MCM8 K to A455, Figure 6C, lane 2), nor with the
MCM2-7 complex (lane 6) as expected, since the purifiedheterohexamer is inactive (Lee and Hurwitz, 2000). Signifi-
cantly, the MCM2-7 complex did not stimulate the MCM8
helicase activity (lane 5) compared to wild-type MCM8
(lanes 3 and 4). ATP hydrolysis is detected with recombi-
nant MCM8, which is stimulated by DNA (Figure 6D, lanes
2–4). Only background ATP hydrolysis was observed, with
MCM8 bearing the mutated ATP binding site (lane 5). This
result suggests that ATP hydrolysis catalyzed by MCM8
requires an intact Walker A motif. Finally, this mutant did
not rescue DNA replication in MCM8-depleted extracts,
while replication was efficiently rescued by wild-type
MCM8 (Figure 6E). This result suggests that ATP hydrolysis
catalyzed by MCM8 is required to efficiently replicate chro-
mosomal DNA.
We conclude that MCM8 displays both DNA helicase
and DNA-dependent ATPase activity in vitro in a reaction
that does not require the MCM2-7 complex.
MCM8 Regulates Efficient Assembly of RPA34 and DNA
Polymerase- onto Replicating Chromatin
A main function of the helicase during S phase is to un-
wind DNA, leading to production of single-stranded DNA.
This substrate is recognized by the trimeric RPA complex
in concerted action with DNA polymerase-α at replication
forks (Waga and Stillman, 1994). We wished to analyze
whether MCM8 may be implicated in this reaction. In the
absence of MCM8, the chromatin binding of MCM3 was
not affected (Figure 6F, lane 2), consistent with MCM8
binding to chromatin after MCM2-7 (Figure 2A and Figure
3). This result also demonstrates that MCM8 is not required
for MCM2-7 chromatin loading. However, the amount of
chromatin bound DNA polymerase-α and, to a lesser ex-
tent, that of RPA34 was reduced (Figure 6F, compare lanes
1 and 2), while the binding of Cdc45, required to recruit
DNA polymerase-α (Mimura and Takisawa, 1998), was not
significantly affected. Failure of both RPA34 and DNA poly-
merase-α to accumulate on chromatin was not due to co-
depletion (Figure 6F, lanes 3 and 4). In addition, neither
RPA34 (Supplemental Figure S2D) nor DNA polymerase-α
(data not shown) were detected in MCM8 immunoprecipi-
tates, further suggesting that these proteins do not form a
complex in egg extracts. Finally, following a replication
block at initiation, RPA34 accumulated onto chromatin in
MCM8-depleted extracts as in mock-depleted extracts
(Supplemental Figure S2E). This result suggests that
MCM8 is dispensable for unwinding at initiation, a reaction
that is mainly catalyzed by MCM2-7 proteins (Pacek and
Walter, 2004; Shechter et al., 2004) and is consistent with
the observation that MCM8 is not chromatin bound in
these conditions (Figure 3C). We conclude that MCM8 is
required for accumulation and/or retention of RPA34 and
DNA polymerase-α on replicating chromatin.
MCM8 Colocalizes with Replication Foci and RPA34
on Chromatin Once DNA Synthesis Is Initiated
We analyzed the distribution of both MCM8 and RPA34
proteins on replicating chromatin. Nuclei formed in Xeno-
pus egg extracts were pulse labeled with the nucleotide
analog biotin-dUTP in early S phase, when RPA foci ap-
pear on chromatin. In Xenopus, RPA forms foci on chroma-
tin before initiation of DNA synthesis, and after initiation,
at replication forks (Adachi and Laemmli, 1992; Françon et
al., 2004). As expected, RPA foci are detected both on re-
Cell
322Figure 5. Slow Rate of DNA Synthesis in MCM8-Depleted Extracts
(A) MCM8 is required for processive DNA synthesis. Kinetics of chromosomal DNA synthesis (sperm chromatin, 3 ng/l) in mock-depleted
(squares), MCM8-depleted (circles), or MCM3-depleted (diamonds) S phase egg extracts. DNA synthesis was measured as in Figure 2B. A
Western blot of mock-depleted (lane 1), MCM8-depleted (lane 2), or MCM3-depleted egg extracts probed with the indicated antibodies is
shown in the inset. Depletion of MCM8 was 99%.
(B) MCM8 is not required for replication of single-stranded DNA templates. Kinetics of replication of single-stranded M13 DNA (10 ng/l) in
mock-depleted or MCM8-depleted extracts. DNA synthesis was measured as in Figure 2A.
(C) Nascent DNA accumulates in MCM8-depleted extracts. Autoradiography of α-[32P] dCTP-labeled DNA synthesized in mock-depleted
(lanes 1–3), MCM8-depleted (lanes 4−6), or mock-depleted extracts in the presence of either 10 g/ml of aphidicolin (Aphi, lanes 7–9), or 100 nM
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of geminin protein (lanes 10–12). Total DNA was extracted at the indicated time during S phase (A) and analyzed by alkaline agarose gel
electrophoresis. Standard DNA molecular weight markers (kb) were run in parallel.
(D) Densitometry scan of replication intermediates observed in either mock-depleted or MCM8-depleted egg extracts at the 90 min time
point. A line was placed vertically through the middle of lanes 3 (mock-depleted) or lane 6 (MCM8-depleted). The intensity of the radioactive
signals was measured, normalized, and plotted as function of the distance from the origin of migration of the samples.
(E) Overexposure of DNA synthesis products at early time points of (C).
(F) The incorporation of the nucleotide analog biotine-dUTP (replication) was observed by indirect immunofluorescence on nuclei assembled
in either mock-depleted or MCM8-depleted extracts at the 120 min time point. DNA was visualized by Hoechst staining.gions already replicating (Figure 7A, biotin-dUTP-positive,
arrow) and on regions not yet engaged in DNA synthesis
(biotine-dUTP-negative, dashed arrow). In contrast, MCM8
was exclusively associated with replicating chromatin,
which stained positive for RPA. In mid to late S phase, all
RPA foci colocalized with biotin-dUTP foci that also con-
tained MCM8 (Figure 7A, insets). The distribution of MCM8
on chromatin was rather different from that of MCM3,
whose diffuse staining did not colocalize with replication
foci (Madine et al., 1995b), similar to MCM4 (Coué et al.
[1996] and data not shown).
To further confirm that MCM8 associates with RPA once
DNA synthesis is initiated, nuclei were formed in egg ex-
tracts in the presence of aphidicolin at low concentration.
This treatment allows DNA replication initiation but slows
down the elongation process and stabilizes RPA foci. In
these conditions, MCM8 is chromatin bound, and an
extensive colocalization (over 90%) of MCM8 and RPA foci
was observed (Figure 7B). We conclude that MCM8 as-
sembles at replication foci only when DNA synthesis is ini-
tiated, at structures containing RPA.
Discussion
We have described the identification and biochemical
characterization of an MCM2-7-related protein, MCM8,
which is widely conserved in vertebrates (Gozuacik et al.,
2003). Our data show that MCM8 could function as a DNA
helicase at replication forks during the elongation step of
DNA synthesis and suggest that MCM8 may have a similar
role in other vertebrates. The function of MCM8 appears
to be distinct from that of MCM2-7 in several aspects.
First, MCM8 associates with chromatin only after licensing
has occurred (that is, after loading of MCM2-7), at the on-
set of DNA synthesis. Its association with chromatin coin-
cides with the release of the licensing factor Cdt1, sug-
gesting that Cdt1 is not directly required for MCM8
chromatin loading. This conclusion is also supported by
the observation that removal of Cdt1 from chromatin by a
salt wash after licensing but before initiation does not af-
fect the rate of DNA synthesis (Maiorano et al. [2004] and
see below). Given that a salt wash of licensed chromatin
also removes ORC1 and Cdc6 from chromatin (Rowles et
al., 1999), this result suggests that neither of these proteins
is directly required for MCM8 chromatin assembly. Consis-
tent with this conclusion, we have shown that MCM8 does
not bind to chromatin in membrane-depleted egg extracts
that assemble pre-RCs but cannot initiate DNA synthesis.
Second, the recruitment of MCM8 on chromatin requires
that DNA synthesis is initiated. In contrast, MCM2-7 pro-
teins accumulate on chromatin before and independently
of DNA polymerases’ function (Chong et al., 1995; Coué etThird, MCM8 does not form complexes with MCM2-7 pro-
teins in egg extracts and does not colocalize with MCM3
on chromatin (data not shown). Fourth, MCM3 accumu-
lates normally on chromatin in the absence of MCM8, indi-
cating that MCM8 is not required for licensing. Further-
more, in the absence of MCM8, the rate of DNA synthesis
is slowed down, and nascent DNA accumulates, while no
replication is observed by removal of MCM2-7 proteins.
Finally, MCM8 accumulates on chromatin upon initiation
of DNA synthesis while MCM2-7 proteins are removed by
replication fork progression. Overall, these results indicate
that, unlike the MCM2-7 proteins, MCM8 is not implicated
in initiation of DNA synthesis.
The phenotype of MCM8-depleted egg extracts and the
dynamics of MCM8 chromatin binding suggest a specific
role for MCM8 during processive DNA synthesis. In the
absence of MCM8, the rate of DNA synthesis is decreased.
DNA helicase and DNA-dependent ATPase activity are as-
sociated with recombinant MCM8 in vitro, and both activi-
ties are abolished by mutating the ATP binding site of
MCM8. This mutant does not rescue DNA replication in
MCM8-depleted egg extracts. The finding that recombi-
nant MCM8 displays ATPase and DNA helicase activity in
vitro by itself is rather unique, as no helicase or ATPase
activity has been so far reported for a single eukaryotic
MCM2-7 protein but only for a subset of these proteins
(Lee and Hurwitz, 2000; You et al., 1999). Moreover, in the
absence of MCM8, the recruitment of RPA34 and DNA
polymerase-α is reduced, suggesting that MCM8 regulates
the association of these proteins with replicating chroma-
tin. From all of these observations, we propose that MCM8
functions during DNA synthesis in unwinding as a DNA
helicase. The low levels of RPA34 and DNA polymerase-α
observed in the absence of MCM8 could be explained as
reduction of DNA unwinding during elongation. Single-
stranded DNA (ssDNA), generated by unwinding, is recog-
nized and bound by RPA, which is essential for loading
DNA polymerase-α at replication forks (Mimura and Taki-
sawa, 1998; Walter and Newport, 2000).
Unwinding can be uncoupled from DNA polymerase ac-
tivity so that inhibition of DNA polymerases does not result
in inhibition of the helicase on a few kilobase pairs (Michael
et al., 2000; Walter and Newport, 2000). According to this
model, we observed that MCM8 remains chromatin bound
by blocking DNA synthesis with aphidicolin during elonga-
tion, while DNA polymerase-α accumulates as a result of
binding to ssDNA generated by the helicase. In contrast,
when DNA synthesis is inhibited with aphidicolin at initia-
tion, MCM8 does not bind to chromatin, and unwinding
occurs normally due to the activity of MCM2-7 proteins
(Pacek and Walter, 2004; Shechter et al., 2004), which re-
main chromatin bound at this stage. We cannot exclude
the possibility that MCM8 might also participate in the rep-
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(A) Purification of recombinant MCM8. Wild-type (lane 1) and a mutant form of MCM8 in the ATP binding site (lane 2) were expressed and
purified from Sf9 cells by nickel chromatography. One aliquot of the purified protein was analyzed by SDS-PAGE followed by staining with
Coomassie blue.
(B) DNA helicase activity of MCM8. Displacement of a branched 40-mer oligonucleotide labeled with [32P] ATP and annealed to ssM13 DNA
(origin) as determined by autoradiography following acrylamide gel electrophoresis. The annealed substrate was incubated at room temper-
ature for 1 hr with 25 ng (lane 1) or 50 ng (lanes 2–5) of recombinant MCM8 in the presence or absence of 10 mM of the indicated substrates
(lanes 3–5). The displacement activity of 50 ng of BSA (lanes 6) and the displacement of the annealed substrate by heat denaturation (boiled,
lane 7) are also shown.
(C) DNA helicase activity of MCM8 requires an intact ATP binding site and is not stimulated by the MCM2-7 complex. Oligonucleotide
displacement activity of recombinant MCM8 alone (lanes 3 and 4, 15 and 30 ng, respectively) or that of MCM8 (30 ng) in combination with
100 ng of MCM2-7 complex (lane 5). The helicase activity of recombinant MCM8 mutated in the ATP binding site (lane 2, 75 ng) and that of
the MCM2-7 complex alone (lane 6, 100 ng) are also shown.
(D) MCM8 displays DNA-dependent ATPase activity. Autoradiography of thin layer chromatography, of reactions carried out in the presence
of γ-[32P] ATP. The position of released 32P is indicated (Pi), as well as that of the origin of migration (origin). Reactions were carried out with
15 ng (lane 3) or 30 ng (lane 4) of MCM8 in the presence of ssDNA or without DNA (lane 2) with 30 ng of MCM8. The ATPase activity of MCM8
mutated in the ATP binding site (60 ng, lane 5) and that of BSA (100 ng, lane 1) are also shown.
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(A) Distribution of MCM8, RPA34, and replication foci (biotin-dUTP) on sperm nuclei in early or mid S phase. Nuclei were detergent extracted
and stained with RPA34 or MCM8 antibodies. MCM8 and RPA34 are shown in red for convenience. Replication foci (green) were labeled by
a short pulse of biotin-dUTP and revealed with streptavidin. Merge of the signals (yellow) is also shown. DNA is detected by staining with
DAPI. A continous arrow indicates replicating foci, whereas a dashed arrows indicates RPA foci on prereplicating chromatin. Magnifications
of the staining pattern of MCM8, RPA34, and that of replication foci (biotin-dUTP) during S phase are also shown as insets to increase
the resolution.
(B) MCM8 and RPA34 colocalize on chromatin. Nuclei formed in egg extracts after 60 min incubation in the presence of 10 g/ml of aphidicolin
were costained with MCM8 (green) and RPA34 antibodies (red). Merge of the two signals (yellow) is also shown (MCM8/RPA). DNA is shown
in blue, as revealed by staining with DAPI.chromatin) during the termination of DNA synthesis or in
other aspects of DNA metabolism such as DNA repair or
recombination. The features of MCM8 are compatible with
these possibilities.
MCM2-7 proteins do not colocalize with replication foci
and RPA (Coué et al., 1996; Dimitrova et al., 1999; Laskey
and Madine, 2003), leading to a paradox in the under-
standing of DNA synthesis in eukaryotes; if MCM2-7 pro-
teins are the replicative helicase, why then is no interaction
with the DNA synthesis machinery observed? The distribu-
tion of MCM8 on chromatin coincides with that of DNA
replication foci and RPA34, providing one explanation to
this paradox in vertebrates, as MCM8 links licensing to
processive DNA synthesis at replication factories. The re-
sults presented in this paper are consistent with a model
in which MCM2-7 proteins induce the first unwinding at
DNA replication origins to allow assembly of the replisome MCM8 might be related to the size and/or the complexity
(E) MCM8 mutated in the ATP binding site does not rescue DNA synthesis in MCM8-depleted extracts. Replication of sperm chromatin in
either mock-depleted (1) or MCM8-depleted (2–4) extracts rescued with wild-type MCM8 (wt, lane 3, 30 ng) or MCM8 mutated in the ATP
binding site (KA, lane 4, 50 ng). DNA synthesis was measured after 150 min incubation.
(F) Poor recruitment of RPA and DNA polymerase α onto chromatin in MCM8-depleted extracts. Western blot of detergent-resistant chromatin
fractions (lanes 1 and 2) or egg supernatants (lanes 3 and 4) obtained in mock-depleted or MCM8-depleted extracts. Chromatin was isolated
after 60 min incubation in extracts and analyzed with the indicated antibodies.and recruitment of MCM8 onto chromatin. This conclusion
is consistent with the observation that not only are both
pre-RC and pre-IC required for MCM8 chromatin binding
but also that DNA synthesis must have initiated. MCM8
might contribute to unwinding as DNA helicase during the
progression of replication forks, by itself or in association
with MCM2-7 proteins, or might perhaps replace some
subunits within the whole MCM2-7 complex. Although we
have not seen any stimulation of MCM8 helicase activity
by the MCM2-7 complex in vitro, this latter possibility can-
not be completely ruled out. In both cases, however,
MCM8 is present at replication foci where it is involved in
replication fork progression.
Based on sequence comparison, a homolog of MCM8
is not found in the genome of yeast and worms (Gozuacik
et al. [2003] and data not shown). The requirement for
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Icase factor may be required to ensure efficient processivity
ein replicating large genomes. Another possibility would be
p
that, in simple eukaryotes, another helicase, not yet iden- s





A cDNA coding the amino terminal of the MCM8 protein was identified
h
by PCR using an MCM2-7 signature-specific primer and a primer spe-
c
cific for a cDNA library (λgt10 cloning vector) made from Xenopus oo-
w
cytes (Rebagliati et al., 1985). The complete MCM8 cDNA (EMBL ac-
t
cession number AJ867218) was identified in the database as the EST
w
BU906538. For expression of MCM8 in baculovirus-infected Sf9 cells
2
(Bac-to-Bac system, GIBCO), the Xenopus MCM8 cDNA was amplified
m
by PCR and subcloned in pFastBacHTb. The MCM8 K455 to A455 mu-
d
tant was made using the QuikChange Kit (Stratagene).
3
AProtein Expression and Purification
AAn amino-terminal portion of the MCM8 protein (aa 24–402) was ex-
spressed in E. coli BL21(λDE3) strain by subcloning into the bacterial
hexpression vector pRSETB (Invitrogen). The corresponding recombi-
Enant protein was expressed by induction with 1 mM IPTG at 37°C for
s3 hr. Inclusion bodies were prepared and solubilized with 8 M urea. The
Precombinant protein was purified to homogeneity on a nickel column
lunder denaturing conditions following the supplier instructions (Qia-
sgen). Purified protein was renatured in vitro as described (Vuillard et al.,
b1998), dialyzed and concentrated in Centricon-30 (Amicon), and stored
2at −20°C. Full-length MCM8 was transcribed and translated in viro in
crabbit reticulocytes (TNT, Promega) in the presence of 35S-methionine.
aSf9 cells expressing MCM8 proteins were grown for 52 hr at room
Etemperature, harvested, washed in PBS, and frozen as a pellet at
d−80°C. Cells were thawed and lysed following the instructions of the
supplier. Soluble MCM8 protein was purified by nickel affinity chroma-
tography. Bound proteins were recovered in elution buffer (see Supple- C
mental Data). I
Xenopus Geminin  was expressed in E. coli and purified to homo- T
geneity as previously described (Maiorano et al., 2004; McGarry and (
Kirschner, 1998). GSTp21 was purified as previously described (Jack- m




The MCM8 antibody was raised in rabbits using Xenopus MCM8 N-ter r
protein and affinity purified by incubation of crude serum on a nitrocel- w
lulose membrane saturated with recombinant N-ter MCM8 as de- (
scribed (Adachi and Yanagida, 1989). The anti-MCM2-8 anti-peptide p
and Cdt1 antibodies have been previously described (Maiorano et al.,
2000a, 2000b). The anti-MCM2 antibody was a gift of Dr. Ivan Todorov A
(Todorov et al., 1995). The PCNA antibody has been previously de- S
scribed (Leibovici et al., 1992). The anti-ORC1 antibody was a gift from m
Dr. J. Blow (Rowles et al., 1999). Antibodies against ORC2 and Cdc45 f
were provided by Dr. J. Walter (Walter and Newport, 2000). The DNA m
Pol-α antibody was a gift of Dr. F. Grosse (Max Planck Institute, Ger- s
many). The Xenopus RPA34 antibody was as described (Françon et t
al., 2004). (
Xenopus Egg Extracts and DNA Replication Reactions
SEgg extracts were prepared and used as previously described (Mechali
Sand Harland, 1982; Menut et al., 1988). Depletion and reconstitution
Pexperiments were as previously described (Maiorano et al., 2000b).
cBriefly, Xenopus low-speed egg extracts were supplemented with
cycloheximide (250 g/ml) and double depleted with anti-MCM8 serum
coupled to protein A-Sepharose beads or recombinant protein A-Seph-
Aarose (Pharmacia, 50% beads to extract ratio), for 40 min at 4°C. DNA
replication was measured by addition of α-[32P] dCTP and sperm nu-
clei (3 ng/l). For pulse-labeling experiments, nuclei were pulse labeled T
Pfor 30 s with bio-dUTP (40 M). Where required, aphidicolin (20 mg/ml
in DMSO) was diluted 10-fold in water and supplemented to the reac- t
Btions at the indicated concentration.mmunoprecipitation and Immunopurification Procedures
mmunoprecipitation from egg extracts was performed by diluting the
xtract five times in PBS in the presence of proteases inhibitors (leu-
eptin, aprotinin, and pepstatine, 10 g/ml each) and incubation with
pecific antibodies coupled to either protein A or protein G beads
Roche) for 1 hr at 4°C on a rotating wheel. Beads were washed several
imes with PBS supplemented with protease inhibitors, and proteins
ere eluted in Laemmli buffer and analyzed by SDS-PAGE.
Xenopus MCM8 protein was immunopurified from egg extracts with
nti-MCM8 serum coupled to high-affinity recombinant protein A-Seph-
rose (Pharmacia). All buffers were supplemented with protease in-
ibitors. Egg extracts were incubated with the MCM8 antibody
oupled to Protein A beads (beads-to-extract ratio, 1:3) saturated
ith 0.5 mg/ml of BSA for 1 hr at 4°C. Beads were washed five
imes with 10 volumes of XB (see Supplemental Data) and once
ith XB/0.2 M NaCl, and the MCM8 protein was finally eluted with
volumes of XB/0.8M NaCl for 10 min on ice. Eluates were supple-
ented with 0.05 mg/ml BSA, concentrated at about 1 mg/ml,and
ialysed against XB/10% glycerol by centrifugation in a microcon-
0 (Millipore). Proteins were stored at −20°C.
TPase and DNA Helicase Assay
TPase activity of MCM8 proteins was determined as previously de-
cribed (Ishimi, 1997). Reactions (20 l) were carried out at 23°C for 1
r in the presence or absence of 500 ng of heat-denatured ssM13 DNA.
ach sample (0.5 l) was spotted on a cellulose F paper (Merck) and
eparated by thin layer chromatography as described (Ishimi, 1997).
apers were air dried and exposed to a PhosphorImager screen (Mo-
ecular Dynamics). DNA helicase activity was assayed using as sub-
trate single-stranded M13 DNA (Biolabs) annealed to a 40-mer
ranched oligonucleotide as previously described (Lee and Hurwitz,
001). Five femtomoles of annealed substrate were incubated with re-
ombinant MCM8 in a reaction of 20 l and incubated at room temper-
ture for 1 hr. Reaction was stopped by addition of 0.1%SDS, 10 mM
DTA, and separated on a 12% acrylamide gel in TBE 1X. Gels were
ried and exposed to a PhosphorImager screen (Molecular Dynamics).
hromatin Purification and Indirect
mmunofluorescence Microscopy
he protocol for chromatin purification has been previously described
Coué et al., 1996; Maiorano et al., 2000a). For immunofluorescence
icroscopy, at each indicated time point, nuclei were diluted ten times
n XB/0.3% Triton X-100, incubated at room temperature for 15, min
nd fixed with 0.8% of fresh formaldehyde for 5 min on ice. Nuclei
ere then isolated through a 30% glycerol cushion made in XB on a
overslip at 4°C by centrifugation at 1500 × g and immediately satu-
ated in PBS/BSA 1% at room temperature for 1 hr. Primary antibodies
ere incubated overnight at 4°C in a wet atmosphere. Biotin-dUTP
Roche) was revealed by staining with anti-streptavidin antibodies cou-
led to Texas red.
lkaline Gel Electrophoresis
amples obtained from replication reactions were incubated with 0.4
g/ml of proteinase K for 1 hr at 37°C, extracted with phenol/chloro-
orm, and loaded onto a 1.2% agarose alkaline gel (30 mM NaOH, 2.5
M EDTA). Gels were run overnight at 3V/cm with a buffer recirculation
ystem at 4°C. After run, gels were fixed for 10 min in 7% TCA at room
emperature, then dried and exposed to a PhosphorImager screen
Molecular Dynamics).
upplemental Data
upplemental Data include two figures and Supplemental Experimental
rocedures and can be found with this article online at http://www.
ell.com/cgi/content/full/120/3/315/DC1/.
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